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Abstract 
As a production method of aluminum wires for an automotive wiring harness, “alternate drawing” which can give high ductility 
to a drawn wire was proposed. Alternate drawing promises to decrease the additional shearing strain by alternating the drawing 
direction of every 1 pass. To confirm its usefulness, a comparison of the ductility between alternately drawn wires and 
unidirectionally drawn wires were made through the results of mechanical tests and texture analysis. 
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1. Introduction 
In the automobile industry, research on the replacement of copper wires with aluminum wires for the conductive 
part of automotive wiring harnesses has recently been popular (Yamano et al., 2011; Horikoshi, 2006). This can 
reduce the weight of the car body and contribute to the strengthened environmental policies based on the 
improvement of fuel economy and the reduction in CO2 emission.  In this study, we propose alternate drawing, a 
method of fabricating aluminum wires with high ductility and good fatigue characteristics that can be used for 
automotive wiring harnesses.  In this method, the drawing direction is alternately reversed through multiple passes 
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to greatly improve both the strength and toughness of drawn wires.  Kajino et al. (2006) have carried out intensive 
study on additional shearing strain generated in the surface layer of drawn wires from the crystallographic 
viewpoint. In addition, processes of introducing additional shearing strain to grow crystals in the desired 
orientation, such as asymmetric rolling (Ueno et al., 2010) and Equal Channel Angular Pressing (Horita, 2009), 
have been attempted.  Alternate drawing is expected to suppress the generation of additional shearing strain and 
improve not only the strength but also the ductility and fatigue characteristics of drawn wires.  This is because 
textures that cannot be obtained by conventional drawing methods are formed by alternate drawing. 
In this study, we prepared two aluminum wires: one was unidirectionally drawn by a conventional method and 
the other was drawn with the alternately reversed drawing direction to examine the effects of alternate drawing on 
the mechanical properties of the drawn aluminum wire.  The characteristics of the two wires were compared 
through various experiments and simulations, including ductility tests, cyclic bending tests, analysis of drawing by 
the finite element method (FEM), and texture analysis of the drawn wires by Electron Back-Scatter Diffraction . 
2. Specimens and drawing conditions 
Table 1 shows the chemical components of the aluminum wires used in this study.  A carbide alloy die (die half-
angle, 6o) and a petroleum-based hydrocarbon lubricant were used for drawing.  The reduction in outer diameter 
per pass was approximately 20%.  Mother wires with a diameter of 9.6 mm were thinned to 0.46 mm through 27 
passes of drawing (total reduction Rt in outer diameter, Rt = 99.77%).  In alternate drawing, the drawing direction 
was alternately reversed after every 1 pass of drawing (Fig. 1). 
 
 
     Table 1. Chemical composition of tested aluminum wire. 
Al Mn Fe Cr Si Ti+V Cu 
99.65% 0.005% 0.25% 0.10% 0.10% 0.005% 0.005% 
 
 
Fig. 1. Alternate wire drawing. 
3. Results and Discussions 
3.1. Mechanical properties of alternately drawn wires 
A tensile test was performed for a thinned wire obtained after 27 passes of alternate drawing (Rt = 99.77%) and 
a wire obtained by conventional unidirectional drawing.  Fig. 2 shows stress-strain curves for these wires and 
scanning electron microscopy (SEM) images of their fracture surface. 
The tensile strength of the alternately drawn wire was approximately 20 MPa lower than that of the 
unidirectionally drawn wire.  However, the tensile strain of the alternately drawn wire was approximately 0.01 
higher than that of the unidirectionally drawn wire. 
The mechanical properties required for wiring harnesses are a tensile strength larger than 160 MPa and a tensile 
strain larger than 0.015.  The unidirectionally drawn wire satisfied the required tensile strength but did not satisfy 
the ductility requirement.  In contrast, the alternately drawn wire satisfied both requirements.  Therefore, the 
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aluminum wire fabricated by alternate drawing had mechanical properties sufficient for use as the conductive part 
of wiring harnesses. 
 
Fig. 2. Stress-strain curves and SEM images of fracture surface of each drawn wire (Rt = 99.77%). 
3.2. Calculation of equivalent strain of drawn wires by FEM and its correlation with Vickers hardness 
The deformation of the wire elements and the equivalent strain were analyzed by FEM to confirm that the 
generation of additional shearing strain in drawn wires is suppressed for alternate drawing. 
In the FEM, the friction coefficient of a drawing die and a wire in contact was set to 0.1.  The drawing die was 
assumed to be a rigid body, and the drawing conditions were as follows: a die half-angle of 6o, a 20% reduction in 
outer diameter per pass, and wire Young’s modulus of 70 GPa. 
Fig. 3(a) shows the deformation of the elements when the wire was drawn by the two methods with Rt = 92.94% 
(12 passes) and SEM images of metal textures.  The elements of the unidirectionally drawn wire greatly deformed 
forward along the drawing direction.  In contrast, the forward deformation of the alternately drawn wire was 
suppressed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Comparison of element deformation by FEM and metal structure by experiment in each drawn wire (Rt = 92.94%); (b) Equivalent 
strain distribution by FEM and Vickers hardness distribution  by experiment in each drawn wire (Rt = 92.94%). 
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Fig. 3(b) shows the distributions of equivalent strain of the drawn wires calculated by FEM and the distributions 
of Vickers hardness of the drawn wires measured experimentally.   
In plastic processing, equivalent strain correlates with Vickers hardness (Yoshida et. al., 2011). This correlation 
was also observed in the experimental results of this study. As shown in Fig. 3(b), the equivalent strain and Vickers 
hardness were high on the surface of the unidirectionally drawn wire, which had a high forward slip ratio (Fig. 
3(a)). 
The Vickers hardness of the surface of the unidirectionally drawn wire was 10% higher than that of the center, 
whereas the difference was only 3% for the alternately drawn wire.  This was due to the suppressed generation of 
additional shearing strain in the surface of the wire. 
The above results indicate that the generation of additional shearing strain is suppressed in the alternately drawn 
wire. 
3.3. Torsional and fatigue characteristics of alternately drawn wire 
Materials of wiring harnesses are required to have good torsional and fatigue characteristics in addition to high 
strength and ductility. 
 
(1) Torsional characteristics 
The wires were thinned by the two drawing methods with Rt = 99.77% (27 passes) and a torsion test was 
performed for these wires.  Figure 4 shows the number of rotations and SEM images of the fracture surfaces.  With 
respect to the diameter of the wire (d), the gauge length of the wire under test was set to 100d (Ochiai, 2010). 
Because the variations in the results of torsion tests are generally large, the test was performed 20 times and the 
averages of the 20 measurements were compared. 
As shown in Fig. 4, flat fracture surfaces were observed for the two wires, as normally obtained for high-
ductility wires. The number of rotations for the alternately drawn wire was nearly double that of the 
unidirectionally drawn wire.  Thus, the torsional characteristics were improved for the alternately drawn wire. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Results of torsion test in each drawn wire (Rt = 99.77%). 
 (2) Fatigue characteristics 
A cyclic bending test with reversed loading was performed to examine the fatigue characteristics of the wires 
thinned by the two drawing methods with Rt = 99.77% (27 passes). 
We prepared a simple fatigue tester that can bend a wire by 45o both upward and downward, and counted the 
number of cycles until the wire fractured.  The test was performed 20 times and the averages of the 20 
measurements were compared.  Figure 6 shows the test results and SEM images of the fracture surfaces of the 
drawn wires. 
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Flat fracture surfaces were obtained for the two wires, as normally obtained in bending tests with reversed 
loading. The average number of cycles to fracture was approximately 49.3% higher for the alternately drawn wire 
than for the unidirectionally drawn wire.  Thus, the fatigue characteristics were improved for the alternately drawn 
wire. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Results of cyclic bending test for each drawn wire (Rt = 99.77%). 
3.4. Texture analysis of drawn wires by EBSD 
The alternately drawn wire showed mechanical properties and fatigue characteristics greatly different from those 
of the unidirectionally drawn wire.  The textures of the two wires were analyzed by EBSD to discuss the factors for 
improving the ductility of the alternately drawn wire. 
Figure 6 shows crystal orientation maps in the normal direction (ND) and inverse pole figures of the wires 
thinned by the two drawing methods with Rt = 99.77% (27 passes).  The measurement area is a quarter sector of 
the cross section of the drawn wires and the step was 0.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Crystal orientation map and inverse pole figure of each drawn wire (Rt = 99.77%). 
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In Fig. 6(a), the <111> crystal orientation is dominant over the entire measurement area of the unidirectionally 
drawn wire.  The inverse pole figure also reveals a strong <111> with the maximum intensity of 13.1.  A report 
showed that <111> fiber textures were uniformly formed in drawn aluminum wires with a final stable orientation 
(Inakazu 1987).  In contrast, the crystals of the alternately drawn wire are <111> but also randomly oriented on the 
surface of the wire [Fig. 6(a)].  In addition, the crystals at the center of the drawn wire are <100>.  In the inverse 
pole figure of the alternately drawn wire [Fig. 6(b)], the maximum intensity for the <111> is 7.7, which is lower 
than that for the unidirectionally drawn wire.  The maximum intensity for the <100>, which is not observed in the 
unidirectionally drawn wire, is 1.4. 
In alternate drawing, the crystals were not only <111> but also randomly (which results in the increased 
ductility) and <100>, resulting in the increased strength and ductility of the drawn wire. 
4. Conclusions 
Aluminum wires were thinned by alternate drawing with Rt = 99.77% (27 passes).  Whether the drawn wires can 
be used for automotive wiring harnesses was examined.  The findings obtained are summarized below. 
(1) The tensile strength of the wire alternately drawn with the drawing direction reversed after every pass was 
approximately 20 MPa lower than that of the unidirectionally drawn wire.  However, the tensile strain of the 
alternately drawn wire was approximately 0.01 higher than that of the unidirectionally drawn wire.  The 
generation of additional shearing strain was suppressed and the ductility was improved for the alternately 
drawn wire. 
(2) The aluminum wire obtained by alternate drawing satisfied the requirements of wiring harnesses, i.e., a 
tensile strength larger than 160 MPa and an tensile strain of larger than 0.015.  In addition, the torsional and 
fatigue characteristics were also improved for the alternately drawn wire. 
(3) The alternately drawn wire was more ductile than the unidirectionally drawn wire because of the difference in 
the orientation of the crystals formed by drawing.  The crystals of the unidirectionally drawn wire were only 
<111>, whereas the crystals of the alternately drawn wire were not only <111> but also randomly oriented on 
the surface of the wire, and in addition, <100> at the center of the wire. 
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